Micro motion stages are one of the essential components in field of micro robotics and ultra fine positioning systems. This research presents the optimum design of a 3-DOF micro motion stage and its position control using FEM simulation. This stage to be studied uses a 3 RRR flexure hinge base compliant mechanism driven by three piezoelectric stack actuators to provide micro scale planar motion. First of all parametric modeling of the stage will be fulfilled in ANSYS environment utilizing a commercial piezostack, different types of flexure hinges and different types of flexure hinges. Hence the Jacobian matrix will be achieved for each case. The optimum selection of the hinge form will be achieved upon results of the previous phase. Finally embedded closed-loop FEM approach in ANSYS programming will be used to follow a specified trajectory. Hereby, flexibilities of mechanism and piezoelectric actuator behavior will be modeled with more reliability than any other analytical approach.
INTRODUCTION
Nowadays, the usage of piezoelectric actuators in the field of precision positioning has been increased significantly as piezoelectric motors, active dampers and etc. The important characteristics of such actuators are unlimited expansion resolution, no need of lubrication, smoothness of movement and zero backlash. Because of the low displacement of piezoelectric actuators, flexural mechanisms are used to magnify the piezostacks displacement amplitude. [1] [2] [3] There are some conditions that 2D positioning of components within micrometer or nanometer accuracy, i.e. micro or nano motion stages, is required. For instance, the positioning of samples in scanning tunneling microscopes, the positioning of wafers in micro-lithography [4] and the manipulation of cells in micro-biology [5] . In precision positioning stages configuration of piezostacks and linkages is two-folded: parallel and serial. Ronchi et al. [6] introduced one type of parallel micro stages. Different type of micro positioning instruments including serial micro stages can be found in [7] . Furthermore, micro stages work either with controller (active) or without controller (passive). In some passive stages two linear stages are used separately to produce planar motion. While in the others, combination of two or more microactuators in a monolithic shape leads to planar motion [7] . Eliminating crosstalk is a significant challenge in such a micro stage design. Tien-Fu et al. [8] have proposed a linear control approach for the aforementioned device. The micro-motion stage presented in this paper has two degree-of-freedom. It is a monolithic compliant mechanism with flexure hinges. This stage is designed for the positioning of samples in a scanning-tunneling-microscope (STM). The stage is actuated by three piezo actuators as shown in Fig. 1 . The stage has planar motion along the x and y axis. Micro-motion stages are commonly modeled using the pseudorigid-body-model (PRBM) technique. The PRBM technique models the flexure hinges as revolute joint with an attached torsional spring. However, it does not model the translational deformations of the hinges. The PRBM technique models flexure hinges to have only one-DOF. Therefore the accuracy of the model generated using the PRBM technique is poor. The inaccuracy of the PRBM is previously reported [3, [9] [10] . Yong et al. [11] considered the rotational deformation as well as the translational deformations of flexure hinges in order to obtain a more accurate model than that obtained using the PRBM technique. Variety of approaches has been utilized to simulate the closed-loop behavior of the smart structures. One of the mostly used methods is the finite element analysis that can be realized via several techniques. It would be highly beneficial if the control action can be embedded in an available commercial finite element package namely ANSYS [12] . Through this approach, the modeling of complex structures and smart materials can be simplified considerably and one can use the power of finite element packages to accelerate the simulation procedure. The product ANSYS/Multiphysics has the ability to couple the different physical domains and can model the smart materials such as piezoelectric and piezoresistives. So it has the capability for modeling of smart structures. The dynamical modeling of the controlled structures can be realized via ANSYS programming tool. This opportunity will highly facilitate the overall system behavior analysis and various control methods can be tested without being aware of the time consuming structural analysis. [13] In this paper, a finite element model of flexure hinge is used which considers the flexibility of linkages connected to hinges and the interaction of frame and piezostack. This allows us to have a structure that the translational and rotational stiffness are coupled. In addition, for considering all of offsets, the more accurate model is achieved. Whereas, the rotational displacement is improper for our application and such a system has a rotational displacement intrinsically, this can be eliminated by applying preloading force on piezoelectric actuators without making any difficulty in the movement of piezoelectric actuators.
OPEN-LOOP TRAJECTORY FOLLOWING
A Jacobian matrix is normally used to relate the velocity of an end-effector to the velocity of the actuators. However, in case of the compliant micro-motion stages, the Jacobian matrix can be defined as a matrix that relates the end-effector displacements ( y x D D, ) to the actuator displacements,
). The displacements of the piezoactuators are small as compared to the link lengths. Also, the motions of the stage are very small. Therefore, the micro-motion stage is almost configurationally invariant and its Jacobian matrix is assumed to be constant [5] . The Jacobian matrix presented in [11] considered both the rotational and translational motions of flexure hinges. In this paper, by applying specific voltage on one of piezoactuators and assigning zero voltage to other piezoactuators in FEM software according to Fig. 2 and obtaining the end-effector displacement, the columns of the Jacobian matrix is achieved for each piezoactuator respectively.
Fig. 2: FEM model of nano stage
The final configuration of Jacobian matrix is illustrated in Eq.
(1): 
With such a Jacobian matrix, the calculation of motions for the compliant mechanism based micro-motion stage is more efficient than using any mathematical model. By multiplying inverse Jacobian into the coordinates of points on different trajectories such as circular, ramp, etc, the desired applied voltage into piezoactuators is calculated respectively. By applying these voltages, the position of end-effector in software, according to Fig. 3 and 4 , is achieved. Considering this fact that the Jacobian matrix is calculated by static analysis in non-transient condition and due to system inertia, there is a large deviation from the desired trajectory as shown in Fig. 3 and 4 .
CLOSE-LOOP TRAJECTORY FOLLOWING
The system architecture of the analysis process is illustrated in figure 5 . The model of the structure is built in the ANSYS environment while the actuator and sensor parts are also embedded in the model. Then the material and element properties for different parts should be assigned. The overall procedure of the analysis consists of a macro for ANSYS. It contains the definition of parameters, material and element properties and geometrical modeling as the modeling stage.
In this research, we use the well-known and effective PIDcontroller because of simplicity of design and application. The transfer function of the controller is taken to be: Figure 6 depicts the closed-loop system block diagram for trajectory tracking of the micro-motion stage. Our target is the control of x and y positions of the end-effector, in Cartesian coordinates, in order to track a desired trajectory.
Proportional damping namely "Rayleigh damping" will be considered as intrinsic structural property. Its coefficients including b a and and it will be set b a = in this study.
Before starting the simulations, the time step of the data sampling should be determined based on the system natural frequency. Hence, modal analysis must be performed prior to the closed loop modeling. It should be noted that only the reduced method can be used for the structures which have coupled-field solids in ANSYS [12] . Based on the modal testing requirements, the time step must be chosen less than the half of highest natural frequency to be considered [14] . The controller coefficients will be set by trial-and-error procedure. The trend of the system behavior determines the trend of parameter changes. To demonstrate the performance of the control system, the tracking of a rectangular and circular desired path have been fulfilled and illustrated in Fig. 7 and 8 respectively. These simulations showed an acceptable efficiency of the controller. 
CONCLUSION
This research showed that ANSYS/Multiphysics can successfully be used for simulation of the trajectory following of micro-stages. First of all, the structure model and its finite element equivalent should be constructed in the preprocessing phase. In the transient simulation procedure the instantaneous value of the sensor output is read out at each time step and the control action is computed based on the error signal. This action may be exerted to an actuator to excite the structure and play as control input. The ability of multiphysics softwares for modeling of smart materials makes them ideal bench marks for examining various control strategies used in smart structures and especially those at micro-scales. This can reduce the modeling and domain coupling problems. All of the design steps for active structures can be achieved by the computer aided engineering software ANSYS. This may be a promising tool for analysis of complicated geometries.
